The performance of Thermoanaerobacter ethanolicus was evaluated in continuous culture with media containing concentrations of xylose (8 to 20 g/liter) greater than those previously reported. The ethanol yield declined from to 0.42 to 0.29 g of ethanol per g of xylose consumed when input xylose was increased from 4 to 20 g/liter. Yields of both total C2 and C3 products from consumed xylose and of cell biomass from ATP produced declined as the input xylose concentration was increased, which was not the case when glucose was the substrate. This suggested that yeast extract functioned as a significant energy and carbon source for cells in fermentations of xylose but not of glucose. The feasibility of this interpretation was confirmed by (i) the calculation of the products theoreticaly obtainable from yeast extract and (ii) the observation of significant quantities of fermentation products in inoculated sugar-free media. Markedly different patterns of metabolism for the two sugar substrates were also evidenced by the cell yield for glucose being twice that of xylose at elevated sugar concentrations. It was noted that caution must be exerted when results obtained at low xylose concentrations are extrapolated to predict those which can be obtained at higher concentrations.
One group of thermophilic bacteria, the anaerobic, saccharolytic ethanologens, have been proposed as a means of producing industrial alcohol (29, 34, 36, 37, 39, 41, 43) . They offer particular promise in the application of lignocellulosic bioconversions because they are capable of fermenting a wide range of substrates (29) . These include cellulose, xylan, xylose oligomers, and cellobiose as well as glucose and xylose. In this context, the species of principal study have included Clostridium thermocellum, Clostridium thermosaccharolyticum, Clostridium thermohydrosulfuricum, and Thermoanaerobacter ethanolicus.
Economic analyses have repeatedly shown that the efficient fermentation of hemicellulosic sugars to ethanol could have a large impact on the overall viability of a lignocellulosic bioconversion process (13a, 17, 23, 42) . A major obstacle to this end is the lack of a rapid, efficient process for the fermentation of pentose sugars to ethanol. Arabinose continues to be a refractory substrate in this regard, but some success has been achieved with the fermentation of xylose. This is significant, since xylose composes up to 25% (dry weight) of lignocellulosic materials (11, 15, 42) , which include wood, agricultural residues, and even municipal solid waste.
The criteria used in assessing the potential of any microorganism for industrial alcohol production typically include ethanol productivity, ethanol concentration, and yield of ethanol from substrate (3) . The last two parameters are thought to be of greater importance in the consideration of xylose fermentations (17) . Thus, T. ethanolicus looks particularly promising for the fermentation of xylose since it produces a yield of 0.40 to 0.42 g of ethanol per g of xylose in batch or continuous culture (20) . However, this yield is attained in media with a xylose concentration of only 4 g/liter. It was of practical importance to see whether this yield could also be attained at xylose concentrations of industrial significance.
In thermophilic batch culture, the yield of ethanol from available carbohydrate declines as the initial concentration of carbohydrate is increased beyond 10 to 60 g/liter. This is the case for various T. ethanolicus strains growing on xylose (20) or starch (6, 26a) . It is also the case for various other combinations of thermophiles and substrates (4, 9, 33) . Such results have been variously attributed to mass action effects of products, substrate inhibition, levels of enzyme activities, and intracellular concentrations of fructose-1,6-diphosphate. One problem in the interpretation of these experiments is the difficulty in separating substrate effects and growth rate effects. Indeed, growth rate sometimes varies with the concentration of substrate, even in the range of relatively high substrate concentrations (5 to 20 g/liter) (18, 20, 26) . An alternative to batch culture, then, is continuous culture, which can be operated at a constant growth rate, thereby removing growth rate as a variable. As well, it is a means of minimizing the concentration of sugar substrate present in the fermentor and, as a consequence, its inhibitory effects.
Thus, this paper reports the results of T. ethanolicus chemostat fermentations in which xylose was employed as a substrate in concentrations up to 20 g/liter. This is the concentration of xylose produced in an optimized laboratory dilute-acid hydrolysis procedure (14) and is close to that considered maximal for acid hydrolysate that has not been preconcentrated (60 g/liter) (17 (20) .
Media. The basic medium consisted of that described by Wiegel and Ljungdahl (40) Fieschko and Humphrey (13) , maximum accuracy would be achieved.
Data from chemostat trials were employed in the determination of bioenergetic constants only if the dilution rate had been less than 0.3/h (because the chemostat was not necessarily sugar limited at higher dilution rates). The glucoselimited data set included 9 points from three separate experiments, and the xylose-limited set included 10 points from two experiments.
The amount of ATP produced in a fermentation was calculated by assuming that 1 mol of ATP was produced for each mole of lactate or ethanol produced and that 2 mol of ATP was produced for each mole of acetate produced. This is consistent with current knowledge of the organism's metabolism, which employs the Embden-Meyerhof pathway (6) and acetate kinase (35) .
Calculation of fermentation products possibly originating from yeast extract. Amino acids in yeast extract-containing media were measured by the Protein Analysis Service of the University of Toronto using conventional procedures of acid hydrolysis, ion-exchange chromatography, and post-column ninhydrin detection. Using the assumption, made after consulting Barker (1, 2) , that 0.5 mol of a C2 and C3 fermentation product could result from each mole of amino acids in the medium, 8 mM potential C2 and C3 product was estimated. By assuming that all nitrogen not attributed to the amino acids of yeast extract could be attributed to the cell's nucleic acids (using a Difco in-house analysis, available from Difco upon request) and that the corresponding pentose sugars would be fermented to C2 and C3 products with a yield of 1.3 mol/mol, an additional 3 mM potential C2 and C3 product was estimated. Thus, it was calculated that 11 mM C2 and C3 products could feasibly be produced from 4-g/liter yeast extract. 
RESULTS
Utilization of sugars. The prime purpose of this study was to determine whether the high yield of ethanol from xylose that was obtained with an input xylose concentration of 4 g/liter could also be achieved with higher input xylose concentrations. Thus, the xylose in the media entering the chemostat was varied over the course of the experiment in increments of 4 g/liter (Fig. la) . The medium compositions, supplemented as detailed in Materials and Methods, permitted complete xylose utilization at an input concentration of 16 g/liter but not at 20 g/liter. In the latter case, 15% (3 g/liter) of the xylose entering the fermentor appeared in the effluent. On the other hand, complete utilization of 20-g/liter glucose was achieved (Fig. lb) ; however, this could have been the result of the medium containing a 67% greater than normal supplementation of trace minerals, vitamins, and yeast extract.
Yield of fermentation products from sugars. The yield of ethanol based on xylose utilized did, in fact, decline as the input xylose concentration was increased (Fig. 2) . One can view this decline as being composed of two components. The more expected of these components was the decline in the percentage of ethanol among the total C2 and C3 products. The less expected of these was the significant (P < 0.001) decline in the apparent yield of C2 and C3 products from xylose consumed (Fig. 3) . The latter of these components, the decline in the yield of total C2 and C3 products, might have been the result of the production of fermentation products from nonxylose medium components, presumably yeast extract. Since the yeast extract concentration was the same in all media, such extract-derived products would have contributed proportionately less to the total products at higher input sugar concentrations. In order to estimate the concentration of products that could have resulted from the fermentation of 4-g/liter yeast extract, the linear regression line of total C2 and C3 products versus consumed xylose was extrapolated to the y axis, yielding an intercept value of 6.7 mM (Fig. 4) . The feasibility of such a fermentation occurring was confirmed by estimating that 11 mM products could result from the fermentation of yeast extract sugar and amino acid components (details given in Materials and Methods). Finally, the possibility was tested in an independent experiment in which test tubes containing sugar-free medium were inoculated (0.7% [vol/ vol] C2 and C3 product was found in inoculated tubes, whereas none was detected in uninoculated tubes.
Contrary to results obtaine1 with data from the xyloselimited chemostat, data from the glucose-limited chemostat showed neither a significant decline of the C2 and C3 product yield as the input sugar was increased (Fig. 3) nor a significant yield of products resulting from the fermentation of nonsugar medium components (y intercept in Fig. 4) . Thus, the phenomenon which suggested production of fermentation products from yeast extract was observed in xylose fermentations only. Another observed difference in the fermentation characteristics of the two substrates was the percent theoretical yield represented by the product yields derived from the slopes of the lines in Fig. 4 . Thus, whereas a slope of 8.5 mmol/g (or 76% maximum theoretical yield) was derived from the xylose data, 10.4 mmol/g (or 94% maximum theoretical yield) was derived from the glucose data.
Biomass yields. The production of fermentation metabolites by the cells implies the simultaneous generation of ATP, which should have been manifest in the biomass yield. Whether the biomass yield from sugar was considered with respect to the substrate consumed or with respect to the estimated ATP produced, the cell yield from xylose declined IATPp values was not highly significant (P < 0.06), it became so when the data from the glucose-limited chemostats were corrected for estimated ethanol loss, for which there was independent experimental evidence. more markedly than that from glucose as the input sugar concentration was increased (Fig. 5) . This is consistent with a model in which (i) yeast extract made a contribution to energy (and fermentation products) in only the xylose fermentations and (ii) it made a proportionately greater contribution to biomass yield (and product yields) at higher yeast extract-to-sugar ratios, because it was kept at a constant 4-g/liter concentration. While some decline between the input concentrations of 8-and 12-g/liter xylose would have been expected to occur as a result of the accompanying decrease in dilution rate (from 0.15 to 0.10/h), the bioenergetic constants summarized in Table 1 (20) .
Another interesting difference between the utilization characteristics of the two sugars was the greater than twofold difference in biomass yields at the higher input concentrations of sugar. Since yeast extract could not have made a significant contribution to total ATP production at higher input sugar concentrations, the difference in biomass yields could reflect the difference in net energy yield from the sugars themselves; i.e., in net terms, glucose yielded two times as much ATP as did xylose. This is somewhat surprising, since the use of Embden-Meyerhof (6) and pentose phosphate (41) pathways has been documented for T. ethanolicus, and thus the potential production of ATP from the two sugars should have been the same on an equal weight basis. A comparison of the YATP values obtained at high substrate levels with those summarized by Stouthamer (38) showed that the yield for glucose was typical whereas the yield for xylose at 5 g/mol of ATP was unusually low. Indeed, such is the yield obtained when the growth of glucose-limited Zymomonas mobilis is uncoupled from its catabolism by growth in media with near-limiting concentrations of nitrogen, phosphorus, or potassium (25) . However, Z. mobilis is unusual in its propensity for uncoupled growth. On the other hand, the biomass yields derived from the batch growth of recombinant Escherichia coli (carrying Zymomonas alcohol-producing genes) on various concentrations of xylose and glucose showed a similar twofold difference (25a), suggesting that the phenomenon might be common among bacteria.
The difference in cell yields at higher input concentrations could have arisen in several ways, although none of these appear to give a complete explanation, nor is there reason to favor one explanation over another. One factor affecting yield could have been the production of lactate, which occurred to a greater extent in the fermentation of glucose. While it has indeed been shown that energy is gained through the efflux of lactate from cells (30, 32) , only about a 15% gain is achieved in this way (8, 32) . A futile cycle particular to only the xylose fermentations, e.g., a xylitol cycle such as that found in Lactobacillus casei (16) , could also have affected the observed yields. However, nothing is known about the occurrence of such cycles in T. ethanolicus or in similar bacteria. Finally, the varying energetic cost of substrate transport is another known variable affecting biomass yields (38) , although a study with E. coli suggests that this could account for the difference of only another 15% (31) . Which transport mechanisms are in fact used by T. ethanolicus for various sugars are unknown, as is the case for almost all transport mechanisms of the anaerobic thermophiles (27) .
While glucose and xylose are both simple sugars commonly found in nature, significantly different patterns of metabolism could be expected. Indeed, the carbon skeleton of xylose enters glycolysis in the forms of fructose-6-phosphate and glyceraldehyde-3-phosphate after rearrangement via the pentose phosphate pathway. The 
